ORTICAL dysplasia is a well-recognized cause of pharmacoresistent epilepsy. 21, 23, 33, [48] [49] [50] [51] [52] The frequency of such focal developmental disorders ranges from 6 to 20% of patients in studies of surgically treated epilepsy. 35, 49 Recent improvements in neuroradiological procedures, in particular magnetic resonance imaging, have enabled the preoperative diagnosis of many developmental brain malformations and have facilitated earlier surgery. [24] [25] [26] Cortical dysplasia is characterized by a spectrum of histological features including disorganization of cortical architecture, white matter heterotopias, and neurons with abnormal size, shape, and polarity. 30, 41, 44 Both diffuse and focal forms of CD are believed to result from disrupted neuronal migration during cortical development. 1, 44, 45 Dysplastic balloon cells in CD specimens have demonstrated a mixture of mature and immature immunohistochemical markers of both neuronal and glial origin. 9, 12, 15, 29, 47, 54 The sequential expression of neuronal cytoskeletal proteins is developmentally regulated 28 in concert with migration. Nestin, a recently described intermediate filament protein, is transiently expressed only in neuroepithelial stem cells and radial glia during the neurulation and migratory stages of cortical development, respectively.
The sequential expression of neuronal cytoskeletal proteins is developmentally regulated 28 in concert with migration. Nestin, a recently described intermediate filament protein, is transiently expressed only in neuroepithelial stem cells and radial glia during the neurulation and migratory stages of cortical development, respectively. 22, 28 Differentiation of multipotent stem cells into postmitotic neurons is accompanied by downregulation of nestin and the onset of neuronal expression of mature intermediate filaments. 11, 18, 28, 55 In the adult mammalian brain, nestin expression is restricted to a select group of subventricular and endothelial cells. 18, 55 In an attempt to define the nature and developmental maturity of dysplastic neurons and glia in CD more fully, we have used immunohistochemical analysis and confocal microscopy to study the neuronal expression of nestin, MAP2, NF, and GFAP in 10 surgical specimens with confirmed focal CD. 48 
Materials and Methods
The 10 most recent consecutively collected surgical specimens meeting the histological criteria for CD were identified from the database of the London Health Sciences Centre. Clinical records and surgical reports were reviewed for clinical information, including the age of the patient at the time of surgery, patient sex, tumor location, mode of presentation, duration of symptoms, and seizure type. All cases represented examples of focal CD, and none of the patients were suspected on clinical or pathological grounds of having tuberous sclerosis.
Surgical specimens from all patients were fixed in 10% buffered formalin and processed for routine paraffin embedding. Sections cut at 5-m intervals were stained with hematoxylin and eosin. All specimens were reviewed to confirm the diagnosis of CD.
Immunohistochemical analysis involving avidin-biotin complex enhancement was performed on serial 4-m paraffin sections mounted on poly-L-lysine-coated slides. The presence of CD was confirmed in sections used for immunohistochemical analysis by examination of the first and last serial sections that had been stained with hematoxylin and eosin. Primary mAbs or pAbs against the following antigens were utilized: GFAP (pAb, concentration 1:1000; Dako Corp., Carpenteria, CA); MAP2a and MAP2b (mAb, concentration 1:500; Sigma Chemical Co., St. Louis, MO); phosphorylated NF (mAb, concentration 1:100; Dako Corp.); and nestin (pAb, concentration 1:100; generous gift from R. MacKay, National Institute of Neurological Disorders and Stroke, Bethesda, MD). Microwave-assisted antigen retrieval was used for MAP2 and nestin immunohistochemical analysis. Before primary antibody incubation, tissue sections were heated in a microwave for 5 minutes in citrate buffer (2.1 g citric acid in 1 L distilled H 2 O at pH 6). For each slide, the number of cells staining for the aforementioned antigens was semiquantitatively scored as none, few, moderate, or many within 10 hpf randomly chosen within the lesion boundaries. Negative (no primary antibody) and positive controls were included in all immunohistochemical studies. For nestin, a midgestation human fetal brain was used as a positive control. Positive controls for MAP2 and GFAP were normal adult cerebral cortex and a Grade II astrocytoma, respectively.
Confocal microscopy was performed on representative selected specimens to identify the cellular localization of nestin through double immunofluorescence. The individual z-plane sections confirmed true colocalization. Using the antibody dilutions specified earlier, sections were incubated with paired primary antibodies to the following proteins: 1) nestin with MAP2; and 2) nestin with GFAP. Primary antibodies were labeled with species-specific secondary antibodies linked to fluorophores Cy5 or fluorescein isothiocyanate to allow for complete fluorescent emission spectral separation. Images were collected using a confocal scanning laser microscope (LSM 410; Carl Zeiss, Thornwood, NY) equipped with a helium neon laser for simultaneous dual excitation. Individual fields were visualized through a 63 ϫ oil immersion objective lens. Images were collected as maximum projections of five sequential zplane sections of 0.8-m slice thickness.
Results

Clinical Findings
The clinical characteristics of the 10 patients are summarized in Table 1 . Ten patients (three female and seven male patients) with CD comprised the study population. At the time of surgery the patients ranged in age from 3 to 35 years (mean 20 years). All patients presented with partial seizures. In four patients, evidence of partial seizures with secondary generalization was also noted. The preoperative duration of the seizures ranged from 2 to 30 years (mean 14.4 years). Six lesions were localized to the frontal lobe, three to the temporal, and one to the parietal. Five were located on the left side and five on the right side. None of the patients received adjuvant chemotherapy or radiation therapy.
Histological Findings
The specimens demonstrated a variety of histological findings consistent with the diagnosis of CD. 48 A minimum of 10 hpf were examined for each case. There was abundant uninvolved cortex bordering the CD in all patients. Markedly abnormal laminar architecture was a common feature (nine of 10 patients; Fig. 1a ). In Case 3, we believed that the laminar architecture was within normal limits. Disorganized clusters of dysmorphic neurons characterized all lesions (Fig. 1b) ; in all specimens we could recognize neurons with abnormal polarity and shape (Fig. 1c) . Large rounded cells, previously described as balloon cells, 30, 48 with abundant pale cytoplasm and large nuclei were numerous and scattered throughout the lesions (eight of 10 patients; Fig. 1d) ; balloon cells were not demonstrated in the patients in Cases 4 and 9. Superficial gliosis and microglial activation were variable in severity, but present in all cases.
Immunohistochemical Findings
The results of the immunohistochemical studies are summarized in Table 2 . In all cases, a select group of atypical neurons within regions of CD demonstrated MAP and NF immunoreactivity in their perinuclear cytoplasms and proximal processes (Fig. 2a) . In all cases, nestin-immunopositive putative neurons were also seen (Fig. 2b) . In many specimens, large reactive cells with numerous broad-based processes were observed to stain positive for GFAP and nestin (Figs. 2c and d) . These cells were presumed to be reactive astrocytes. The morphological appearance of these cells was not consistent with that of reactive microglia. There were no examples of nestinpositive cells with morphological characteristics specific to microglia. Large balloon cells were found to stain pos- itive consistently for nestin and variably for both GFAP and MAP2.
Results of Confocal Microscopy
Double-immunofluorescent labeling revealed many examples of cells with the morphological characteristics of neurons, demonstrating cytoplasmic coexpression of nestin and MAP2 (Figs. 3a, b , and c). Nuclear staining was absent. The cells were present within dysplastic areas of cortex and were not found in areas of uninvolved cortex. In addition, cells with the morphological characteristics of astrocytes coexpressed nestin and GFAP, and were found to be scattered throughout cortex and subcortical white matter within the lesion and in the bordering normal brain (Figs. 3d, e, and f) . Nestin coexpression was selective, in that many cells expressed MAP2 or GFAP alone. Similarly, occasional small cells expressed nestin alone. These cells, which did not stain positive for MAP2 or GFAP, were not further characterized. Nestin and MAP2 coexpression was not evident in bordering normal brain.
Discussion
Our results demonstrate positive immunoreactivity for glial and neuronal antigens as well as for nestin in a select group of cells within regions of CD. Confocal microscopy was used to confirm the coexpression of neuronal (MAP2) and stem cell (nestin) antigens in a subpopulation of these abnormal cells. Previous studies have shown a mixture of glial and neuronal immunopositivity in the dysplastic balloon cells frequently found in CD. 9, 12, 15, 47, 54 The exact lineage of these cells remains controversial. Our immunohistochemical and confocal microscopic findings demonstrate that these large atypical cells with neuronal features are a mixed-cell population, some of which are dysmature neurons (positive for nestin and MAP2), whereas others are astrocytic (positive for nestin and GFAP).
In most instances, patients presenting with a seizure disorder caused by CD prove to be resistant to pharmacotherapy and require epilepsy surgery for seizure control. 31 In our series of 10 patients with CD, the average age of the patients at the time of surgery was 20 years, with a mean
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Nestin expression in cortical dysplasia 14.4-year history of pharmacoresistant epilepsy before surgery. Nine patients suffered from complex partial seizures, with a single patient describing only simple partial seizures. Six of the CD specimens were localized to the frontal lobe, three to the temporal lobe, and one to the parietal lobe. The results for our study group are consistent with those of previously published series in which the clinical characteristics of patients undergoing surgery for refractory seizures with histologically confirmed CD have been reviewed. 4, 23, 31, 35, [49] [50] [51] [52] Cortical development is considered a result of several dynamic processes including proliferation, migration, terminal differentiation, and programmed cell death of neuronal precursors. 41 Nestin, a new class VI intermediate filament protein, is transiently expressed during the neurulation stage. 22, 28 During normal development, postmitotic neurons migrate along nestin-positive radial glia from the ventricular zone to the forming cortical plate, while a second smaller population of cells follow a nonradial course. 2, 9, 37, 38, 46 The downregulation of nestin and the onset of production of mature neuronal proteins and GFAP accompany differentiation of the periventricular neuroepithelial precursor cells into neurons and astrocytes, respectively. 11, 18, 28, 55 In the normal adult brain, nestin can only be found in endothelial and select subventricular cells. 9, 11, 55 Focal CD is believed to result from an arrest in neuronal migration. This premise is based on an intrauterine insult that disrupts normal neuronal migration. 6, 17, 19, 27, 31, 32, 34, 35, 37, 39, 40, 45 Rosen, et al., 43 demonstrated nestin-positive putative radial glia in the adult rodent brain following induction of microgyria during early postnatal life. Neuronal expression of nestin following in vivo induction of CD was not found. 42 Other possible causes of aberrant migration include impaired recognition of radial glial fibers, failure of programmed cell death, or aberrant expression of local adhesion molecules and trophic factors. 9 More recently, Rorke 41 has hypothesized that multipotential stem cells destined to be neuronal cells fail to mature fully. Subsequently, these immature neurons either lack or inappropriately express cytoskeletal proteins necessary for normal migration and neuronal polarity. These cells are thus incapable of completing the normal migratory process. Our results lend support to the latter hypothesis. The presence of nestin within clusters of neuronal cells suggests that these cells did not undergo normal cytoskeletal maturation before leaving the ventricular zone. Although they have dif-ferentiated along neuronal lines, as demonstrated by their MAP2 immunoreactivity, these cells continue to express phenotypical traits of immaturity. Such cells may have dysmature connectivity and act as an epileptogenic focus. Nestin-positive cells lacking GFAP and MAP2 staining are of uncertain origin and may represent precursor cells, oligodendroglia, endothelial cells, or microglia. This is an area of further study in our lab.
An alternate explanation for the nestin expression found in the dysplastic neurons is that neurons can reexpress embryonic genes in response to certain stresses (for example, chronic seizures). Various in vivo studies in animals have demonstrated nestin reexpression in reactive astrocytes following a variety of injury paradigms. 7, 14, 20 This suggests that after injury reactive astrocytes can reexpress fetal traits of embryonic neuroepithelial cells. In addition, nestin expression has been demonstrated in neoplastic astrocytes. 10 Neuronal expression following an in vivo insult has not been previously demonstrated. It is possible that in the setting of chronic seizures, dendritic remodeling can occur, prompting the reexpression/upregulation of genes such as nestin and MAP2 for dendritic outgrowth and arborization. 9, 54 Data from several studies have demonstrated that MAP2 is involved in the branching, sprouting, and regeneration of neuronal processes. 3, 5, 13, 16 The increased expression of MAP2 and nestin raises the question of whether reexpression of embryonic genes in large neurons in CD is associated with enhanced neuronal plasticity and remodeling.
Nestin expression has been previously demonstrated in cells with the morphological characteristics of neurons. 8, 9, 53 Using immunohistochemical analysis in specimens of tuberous sclerosis, some researchers have noted cells with bizarre giant structures which were found to express nestin. 8, 53 These cells, however, have an ambiguous structure and a contrasting immunohistochemical nature, expressing both glial and neuronal markers. There is a spectrum of overlapping pathological features between CD and tuberous sclerosis, suggesting a shared pathogenesis. 31 The histological similarities between CD and tuberous sclerosis are well recognized, 31 and additional similarities exist with gangliogliomas and dysembryoplastic neuroepithelial lesions that harbor dysplastic neurons and frequently border zones of CD. 36, 50, 51 Histological examination of specimens of CD can uncover a broad spectrum of abnormalities of neuronal structure, size, and polarity. 30, 41, 44 Nestin positivity has also been demonstrated in the dysplastic balloon cells found in CD. 9 Faced with a variable degree of associated gliosis, it may be difficult to distinguish dysplastic neurons from reactive astrocytes. Because there is considerable controversy pertaining to the exact nature of these cells, we used confocal microscopy to confirm our immunohistochemical findings and to demonstrate colocalization of nestin and MAP2 antigens to cells in cases of CD that exhibit the morphological characteristics of neurons.
Focal CD is a highly epileptogenic developmental lesion; most patients harboring this lesion suffer from intractable seizures that are resistant to medications. 21, 23, 31, [48] [49] [50] [51] [52] Further insight into the cytoskeletal derangement and structural abnormalities present in select groups of neuronal and glial cells within these lesions may shed further light on the cause and pathogenesis of the associated epilepsy. Our findings demonstrate persistent expression of an immature protein (nestin) in a select group of neuronal cells. The neuronal nature of these cells is confirmed by the colocalization of MAP2 and nestin, identified by confocal microscopy. The exact pathogenesis of neuronal nestin expression is unknown. These results, however, lend support to the hypothesis that focal CD is not simply an arrest in neuronal migration, but also represents a failure of cellular maturation and commitment.
Conclusions
Nestin, a stem-cell cytoskeletal protein, is expressed in a select group of abnormal neurons within regions of CD. The neuronal nature of individual nestin-positive cells was confirmed by the colocalization of MAP2 and nestin, observed using confocal microscopy. The expression of nestin by clusters of neuronal cells is in agreement with the theory that these cells have not attained normal cytoskeletal maturation. These results lend support to the hypothesis that focal CD is not simply an arrest in neuronal migration, but also a failure of cellular maturation and commitment.
